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Thermodynamic assessments of the Th–U and Th–Pu binary systems are performed in this study accord-
ing to CALPHAD method and together with the data on the U–Pu system, which has been already pub-
lished in the literature, the Th–U–Pu ternary system is determined. All available experimental data
from the literature were used for the binary system assessments and based on them the Gibbs energy
properties of the unknown phases have been optimized. For the excess Gibbs energy of the liquid phase
the ionic liquid model has been used, whereas for solid solutions the Redlich–Kister description was
selected. In case of the Th–U and Th–Pu binary systems a very good agreement between the assessment
and the experimental equilibrium data has been achieved, with 80% of equilibrium data reproduced
within ±20 K.
 2014 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Thermodynamic assessment of phase boundaries between
actinide metals has important technological implications for the
comprehension of the nuclear fuel behaviour at different tempera-
tures, pressures and compositions. This is true not only in the
framework of metallic nuclear fuels, but also concerning oxide, car-
bide, nitride and halide fuels. The phase diagrams including only
metallic actinides constitute in fact basic sub-systems deﬁning
end-members for more complex quasi- and pseudo-multinary
systems. This is the context of the present thermodynamic optimi-
zation (CALPHAD) of the binary Th–U and Th–Pu phase diagrams.
Together with the U–Pu system assessed earlier by Kurata [1],
who used the same thermodynamic model for the description of
the liquid solution as used in this study, the Th–U and Th–Pu
metallic systems are studied in this paper in view of a complete
assessment of the ternary Th–U–Pu phase diagram which is
calculated in this study as well and which is the basis for further
assessment of the Th–U–Pu–O system. The Th–U–O sub-system
has a direct application in the study of the thorium dioxide-based
nuclear fuel, and presents the particular difﬁculty of a complicated
oxygen behaviour in the mixed compositions, essentially linked to
wide stability range of oxidation states of uranium. The Th–Pu–O
sub-system is useful in view of the development and safety of
thoria-based fuels.
Although the Th–U and Th–Pu binary phase diagrams have been
presented in recent works by Li et al. [2] andWang et al. [3], respec-tively, only in case of the Th–U system the obtained thermodynamic
data were presented, whereas for the Th–Pu system the data were
not given, norwas the calculated Th–Puphase diagram. For that rea-
son we perform a parallel CALPHAD re-assessment of the two Th–U
and Th–Pu fundamental systems using the two-sublattice ionic
model for the thermodynamic description of the liquid phase. This
selection is done in a view of compatibility with the FUELBASE
nuclear database that has been developed under the leadership of
C. Guéneau from CEA, France, in collaboration with many interna-
tional partners [4,5]. Although the model used by Li and Wang
for the description of the U–Th system is compatible with the
FUELBASE as well, the novel data presented in the current study
for the metallic liquid solution provide simpler description with
only three excess Gibbs parameters, compared to six parameters
from the work of Li and Wang.2. Thermodynamic modelling
All thermodynamic calculations performed in this study have
been made using the FactSage software [6]. Optimizations of un-
known parameters have been done by trial-error method coupled
with Phase diagram and Equilib module of the FactSage package
to get the best possible ﬁt between the experimental data and
the calculation.2.1. Pure elements and compounds
Many critical reviews of the actinide metals have been pub-
lished since the 1960s, the most recent being due to Konings and
Beneš [7]. While the data for a-, b- and liquid thorium have been
16 O. Beneš et al. / Journal of Nuclear Materials 449 (2014) 15–22taken from this review, the data of all phases of uranium and plu-
toniumwere taken from the SGTE database [8] which were already
considered by Kurata [1] for the assessment of the U–Pu system.
Although the data of uranium and plutonium do not differ signiﬁ-
cantly between the two mentioned data sources [7,8], such data
selection was the only way to keep a compatibility with the assess-
ment done by Kurata, and thus with the FUELBASE.
Beside elementary compounds there exists one binary interme-
diate compound, Pu7Th3, and since the data of this phase are not
experimentally available, they were optimized during the phase
diagram assessment. No ternary compounds have been considered
in the Th–U–Pu system.
Thermodynamic data of all elements considered in this work
and their allotropic modiﬁcations plus the optimized data of the
Pu7Th3 compound are summarized in Table 1.
2.2. Solid solutions
For the description of all solid solutions considered in the Th–
U–Pu system, Redlich–Kister model was used [9]. This model has
been selected by Kurata [1] who proposed it for the description
of solid solution phases in the U–Pu system. Using this model the
Gibbs energy function of a binary solutions is deﬁned as:
0GðTÞ ¼ x1  0G1ðTÞ þ x2  0G2ðTÞ þ 4GmixðTÞ; ð1ÞTable 1
The Df H
0ð298:15Þ (J mol1), S0ð298:15Þ (J K1 mol1) and Cp (J K1 mol1) data of element
Compound Df H
0ð298:15Þ S0ð298:15Þ Cp ¼ aþ bT þ cT2 þ dT
a
a-Th 0 51.80 23.435 8.94
b-Th 9965.5 63.028 15.702 1.19
Thliquid 23765.5 69.860 15.702 1.19
– – 46.000
a-U 0 50.200 26.918 2.50
– – 48.660
b-U 3166.1 53.385 22.841 2.16
– – 42.928
c-U 9514.9 59.774 27.515 1.67
– – 38.284
Uliquid 12355.5 60.524 26.918 2.50
– – 48.660
a-Pu 0 54.461 18.126 4.48
– – 42.419 2.68
– – 42.248
b-Pu 3880.9 64.266 27.416 1.30
– – 15.735 3.09
– – 42.248
c-Pu 4452.5 65.477 77.580 1.63
– – 22.023 2.29
– – 32.341 1.40
– – 42.248
d-Pu 5050.3 66.370 28.478 1.08
– – 15.735 3.09
– – 42.248
d0-Pu 5199.5 66.609 16.430 4.80
– – 35.560
– – 19.756 1.87
– – 42.248
-Pu 7559.1 69.975 27.094 1.82
– – 33.720
– – 6.921 4.04
– – 42.248
Puliquid 6608.1 66.974 18.126 4.48
– – 42.419 2.68
– – 42.248
Th3Pu7 42700.1 536.618 193.635 3.45
– – 197.943 3.34
– – 421.943 2.68
– – 466.208where x1 and x2 terms are molar fractions of the mixing end-mem-
bers, G1ðTÞ and G2ðTÞ are their Gibbs energies and 4GmixðTÞ is Gibbs
energy change due to the solution formation. The 4GmixðTÞ term is
further deﬁned as:
4GmixðTÞ ¼ x1RT ln x1 þ x2RT ln x2 þ4GxsðTÞ; ð2Þ
where the ﬁrst two terms represent ideal mixing due to the ideal
conﬁgurational entropy and the 4GxsðTÞ term is the excess Gibbs
energy term. This contribution is described in this study by the Red-
lich–Kister equation:
4GxsðTÞ ¼ x1  x2
Xn
v¼0
Lvðx1  x2Þv ; ð3Þ
where the Lv parameters are generally represented by temperature
dependent polynomial equation and are subject of thermodynamic
optimization. The optimized values of the excess Gibbs energy
parameters of all solid solutions considered in the Th–U and
Th–Pu systems that have been obtained in this study are given in
Table 2. For completeness, the data on the U–Pu system published
by Kurata [1] are also given. To correctly model the solid solutions
with limited solubilities, extra Gibbs energy parameters had to be
considered in case of those end-members that had to be destabi-
lized due to the adoption of the structural type of the main matrix.
The main matrix of the solution is highlighted in bold and the lattices and the Th3Pu7 compound used in this study.
2
bT cT2 dT2 T range/K
50  103 – 11400 300–2020
50  102 – – 300–2020
50  102 – – 300–2200
– – – 2200–4000
31  103 2.6556  105 77136 300–955
– – – 955–3000
90  102 1.6733  107 163888 300–942
– – – 942–3000
12  102 5.8074  106 409222 300–1049
– – – 1049–3000
31  103 2.6556  105 77136 300–955
– – – 955–3000
20  102 – – 300–400
99  103 1.5807  106 1158650 400–944
– – – 944–3000
60  102 – – 300–680
54  102 9.1497  106 1729880 942–1464
– – – 1464–3000
28  101 1.6862  104 1149650 300–488
59  102 – – 488–594
77  102 4.1573  106 1261200 594–1179
– – – 1179–3000
07  102 – – 300–990
54  102 9.1497  106 1729880 990–1464
– – – 1464–3000
12  102 3.1000  105 316940 300–736
– – – 736–757
46  102 3.9593  106 2225130 757–2157
– – – 2157–3000
10  102 1.2370  105 41726 300–745
– – – 745–956
66  102 8.5615  106 8938490 956–2071
– – – 2071–3000
20  102 – – 300–400
99  103 1.5807  106 1158650 400–944
– – – 944–3000
70  101 – 34200 300–399
84  101 – 34200 399–1000
36  102 – 34200 1000–1650
– – – 1650–5000
Table 2
Gibbs energy parameters of solid solutions from the Th–U (this study), Th–Pu (this
study) and U–Pu (data by Kurata [1]) systems.
Solution Structure Gibbs energy functions/(J mol1) Reference
(b-Th,U,Pu) BCC L0Th;U ¼ 18500 This study
0GU ¼ 0GcU þ 15000 This study
L0Th;Pu ¼ 1200 This study
0GPu ¼ 0GPu  400þ 5T This study
(-Pu,c-U,Th) BCC L0Pu;U ¼ 5062:3 [1]
L1Pu;U ¼ 506:8 [1]
L0Th;Pu ¼ 12900 This study
L0Th;U ¼ 62000 This study
0GTh ¼ 0GbTh þ 3000 This study
(d-Pu,a-Th,U) FCC L0Pu;U ¼ 3620 [1]
L0Th;Pu ¼ 5275þ 7:18T This study
L1Th;Pu ¼ 6100 This study
L0U;Th ¼ 30000 This study
0GU ¼ 0GaU þ 5000 This study
(d0-Pu,U,Th) Tetragonal L0Pu;U ¼ 3000 [1]
L0Th;Pu ¼ 11250þ 3:4T This study
L0U;Th ¼ 150000 This study
0GTh ¼ 0GaTh þ 3053 This study
0GU ¼ 0GaU þ 2000 This study
(a-U,Pu) Orthorhombic L0Pu;U ¼ 9581:4 [1]
0GPu ¼ 0GaPu þ 2026 [1]
(b-U,Pu) Tetragonal L0Pu;U ¼ 4870:7 [1]
0GPu ¼ 0GdPu þ 227:5 [1]
(b-Pu,U) Monoclinic L0Pu;U ¼ 2550 [1]
0GU ¼ 0GaU þ 2000 [1]
(c-Pu,U) Orthorhombic L0Pu;U ¼ 3620 [1]
0GU ¼ 0GaU þ 2000 [1]
f-(Pu,U) Unknown L0Pu;U ¼ 64447:6þ 67:954T [1]
L1Pu;U ¼ 4517:9þ 21:647T [1]
L2Pu;U ¼ 7968:5þ 4:785T [1]
0GU ¼ 0GcU þ 322:1 [1]
0GPu ¼ 0GPu þ 500 [1]
g-(Pu,U) Unknown L0Pu;U ¼ 5772:4þ 0:188T [1]
0GU ¼ 0GbU þ 229:2 [1]
0GPu ¼ 0GdPu þ 103:4 [1]
Table 3
Excess Gibbs energy parameters of the (Th4+,U4+,Pu3+)P(VaQ)Q liquid solution.
Gibbs energy functions/(J mol1) Reference
L0ðTh4þ ;U4þÞP ðVaQÞQ ¼ 29500 This study
L1ðTh4þ ;U4þÞP ðVaQÞQ ¼ 6175 This study
L2ðTh4þ ;U4þÞP ðVaQÞQ ¼ 7500 This study
L0ðTh4þ ;Pu3þÞP ðVaQÞQ ¼ 18572 16T This study
L1ðTh4þ ;Pu3þÞP ðVaQÞQ ¼ 6000þ 5:2T This study
L0ðPu3þ ;U4þÞP ðVaQÞQ ¼ 4751:6 12:0T [1]
L1ðPu3þ ;U4þÞP ðVaQÞQ ¼ 2284:3 [1]
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table as well. It must be noted that in case of the BCC phase two
solution descriptions are made; one based on b-Th in which U
and Pu is dissolved, while the other one is based on continuous solid
solution of c-U and -Pu with dissolved b-Th. Since b-Th, c-U and -
Pu crystallize in the same structure (BCC) the solid solution should
be described as a single phase. However, because thermodynamic
data of c-U -Pu are known for temperature range of their stability
which is much lower than stability of b-Th which determines the
former solution it was necessary to asses their values, i.e. to slightly
destabilize them. The same approach was done in case of the solid
solution based on c-U and -Pu which required destabilization of
b-Th, in this case into lower temperature range. Only with this
implication it was possible to well reproduce the phase equilibria
in Th–Pu and U–Th systems.2.3. Liquid solution
For the description of the excess Gibbs energy of the liquid solu-
tion the ionic liquid model based on two sublattices of the follow-
ing scheme has been used:ðTh4þ;U4þ;Pu3þÞPðVaQÞQ : ð4Þ
The ionic liquid model is normally used for systems that contain
both cations and anions, e.g. oxide, nitride or carbide systems, but
we use it in this study for metallic systems in a view to use the ob-
tained data for future assessments of oxygen containing systems.
In this context the cationic sublattice given by formalism (4) con-
tains Th, U and Pu with charges +4, +4 and +3, respectively, while
the anionic sublattice contains charged vacancies. P and Q are
equal to the average charge of the two sublattices and in order to
keep the liquid solution electrically neutral they are deﬁned as:
P ¼ QyVaQ and Q ¼ 4yU4þ þ 4yTh4þ þ 3yPu3þ ; ð5Þ
where y terms are site fractions of given species. The Gibbs energy
equation of the liquid phase is then deﬁned as:
0GliqðTÞ ¼ yTh4þ 0GTh þ yU4þ 0GU þ yPu3þ 0GPu þ PRTðyTh4þ ln yTh4þ
þ yU4þ ln yU4þ þ yPu3þ ln yPu3þ Þ þ DGxs; ð6Þ
with 0GTh; 0GU and 0GPu as reference terms corresponding to Gibbs
energy functions of the Th, U and Pu liquids. The values used in this
work are reported in Table 1. Furthermore, Eq. (6) contains a conﬁg-
urational entropy term related to the mixing of cations on the ﬁrst
sublattice and an excess Gibbs energy term which is deﬁned as:
DGxs ¼ yTh4þyU4þ L0Th;U þ yTh4þ  yU4þ
 
L1Th;U þ yTh4þ  yU4þ
 2L2Th;U
 
þ yTh4þyPu3þ L0Th;Pu þ yTh4þ  yPu3þ
 
L1Th;Pu
 
þ yPu3þyU4þ L0Pu;U þ yPu3þ  yU4þ
 
L1Pu;U
 
:
ð7Þ
The L0; L1 and L2 terms are constant or deﬁned as linear func-
tion of temperature and are related to the excess Gibbs energy
parameters which have been in case of the Th–U and Th–Pu sys-
tems obtained from the thermodynamic assessment performed
in this study. In case of the Pu–U system, the data from work of
Kurata [1] have been considered. The excess Gibbs parameters of
the (Th4+, U4+, Pu3+)P(VaQ)Q liquid solution are reported in Table 3.
3. Results
3.1. Th–U phase diagram
The optimization of the Th–U phase diagram has been based on
the experimental data published in the literature [10–13], and
which were carefully reviewed by Peterson [14]. Five solid solu-
tions appear in the Th–U system with no intermediate compounds.
However, since a-U and b-U solutions indicate almost no solubility
of thorium, these two phases were treated as elementary a-U and
b-U components. On the other hand a-Th, b-Th and c-U were trea-
ted as solutions with maximum solubility of uranium in a-Th,
6.3 mol% found at the catatectic temperature, maximum solubility
Th - U
Th - Pu
X (U,Pu)
0 0.20 0.40 0.60 0.80 1.00
0
1000
2000
3000
4000
5000
6000
7000
8000
ΔH
xs
 / 
(J
/m
ol
)
X (U,Pu)
ΔH  = 12.5 kJ/mol0
ΔH  = 30.7 kJ/mol0
ΔH  = 24.5 kJ/mol0
ΔH  = 43.1 kJ/mol0
Fig. 2. The calculated enthalpy of mixing of Th–U and Th–Pu liquid solutions at
2000 K.
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and maximum solubility of thorium in c-U, 0.3 mol% found at the
eutectic temperature. A region of immiscibility has been found in
the liquid phase and as suggested by Peterson the range of
miscibility gap should extend from 51 to 94 mol% U with a critical
temperature of 1923 K, as estimated by Carlson [10]. The values
calculated in this study are in close agreement with these predic-
tions, revealing the same critical temperature with immiscible re-
gion ranging from 49.4 to 92.4 mol% U.
The calculated Th–U phase diagram is shown in Fig. 1 and gen-
erally good agreement with the experimental data has been
achieved. The presented phase diagram is also in good agreement
with the optimized phase diagram by Li et al. [2] and the modelled
invariant equilibria with the corresponding reactions are reported
in Table 4.
Fig. 2 shows the calculated excess enthalpy of the Th–U liquid
solution indicating endothermic reactions upon mixing liquid Th
with liquid U. The graph illustrates the determined enthalpy of
mixing corresponding to the inﬁnite dilution of U in Th and vice
versa, with the obtained values of 30.7 kJ mol1 and 43.1 kJ mol1
respectively. The values are somewhat higher than the estimates
presented by Niessen et al. [15] (15 kJ mol1 for U in Th, and
19 kJ mol1 for Th in U) who made a model to predict the enthalpy
data for all binary transition metal alloys, including liquids. How-
ever, Niessen et al. did not give any details about the temperature
dependence and since a lower enthalpy of mixing that would ﬁt
with the estimated values would suppress the experimentallyX (U)
T 
/ K
0 0.2 0.4 0.6 0.8 1
300
500
700
900
1100
1300
1500
1700
1900
2100
β-Th
α-Th γ-U
Fig. 1. The Th–U phase diagram optimized in this study. Experimental data: + by
Carlson [10]; 4 by Bentle [11];  by Murray [12];  by Bydayeva and Kuznetsova
[13].
Table 4
Invariant equilibria of the Th–U, Th–Pu and Th–U–Pu systems calculated in this study.
x(Th) x(U) x(Pu) Temperature/K⁄
0.018 0.982 0 1384 (1367)
0.917 0.082 0 1535 (1533)
0.506 0.494 0 1655 (1658)
0.229 0.771 0 1923 (–)
0.996 0 0.004 575 (–)
0.989 0 0.011 764 (–)
0.962 0 0.038 783 (774)
0.523 0 0.477 858 (864)
0.933 0 0.067 874 (875)
0.924 0 0.076 883 (887)
0.049 0.082 0.869 855 (–)
0.050 0.078 0.872 857 (–)
⁄ The value in parenthesis corresponds to the experimental value determined as an avedetermined miscibility gap, we keep in our model the enthalpy
of mixing presented in Fig. 2.3.2. Th–Pu phase diagram
The optimization of the Th–Pu phase diagram has been based
on experimental data taken from literature [16–20] and consider-
ing the recommendation of Peterson [21] who made a critical re-
view of all available literature data, based on which he suggested
the shape of the phase diagram. The calculated phase diagram,
superimposed with the considered experimental data is shown in
Fig. 3. It contains one intermediate compound, Th3Pu7, which melts
peritectically at 883 K and ﬁve solid solutions with limited solubil-
ities. a-Th solid solution has the largest stability range with maxi-
mum solubility of 38.4 mol% Pu at the eutectoid temperature. As
seen from Fig. 3 b-Th phase has much narrower stability range,
between a-Th and liquid phase, but the maximum solubility of
Pu extends to 56.1 mol% Pu at the peritectic temperature. At the
Pu-rich side of the phase diagram, three solid solutions are found,
but their stability regions are much more limited compared to
Th-based solutions. Among them the most extensive solid solution
is the one based on -Pu with maximum solubility of 5.3 mol% Th.
d- and d0-Pu based solid solutions have maximum Th solubility of
3.8 mol% and 1.14 mol% respectively. For better view the Pu-rich
region is shown in detail in Fig. 4. All calculated invariant equilibria
and their corresponding equilibrium reactions found in the Th–Pu
system are summarized in Table 4.Equilibrium type Reaction
Eutectic L ¡ a-Th + c-U
Catatectic b-Th ¡ a-Th + L
Monotectic L1 ¡ b-Th + L2
Critical point L ¡ L1 + L2
Eutectoid (d-Pu,Th) ¡ Th3Pu7 + c-Pu
Peritectoid (d-Pu,Th) + (-Pu,Th) ¡ (d0-Pu,Th)
Peritectoid Th3Pu7 + (-Pu,Th) ¡ (d-Pu,Th)
Eutectoid (b-Th,Pu) ¡ Th3Pu7 + (a-Th,Pu)
Eutectic L ¡ Th3Pu7 + (-Pu,Th)
Peritectic L + (b-Th,Pu) ¡ Th3Pu7
Eutectic L ¡ Th3Pu7 + (-Pu,c-U,Th) + (a-Th,U,Pu)
Quasi-peritectic L + (b-Th,U,Pu) ¡ Th3Pu7 + (a-Th,U,Pu)
rage value of the data points reported in Figs. 1 and 3 for corresponding equilibria.
X (Th)
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Fig. 3. The Th–Pu phase diagram optimized in this study. Experimental data:  by
Poole et al. [16];  by Bochvar et al. [17];4 by Elliott and Larson [19]; } by Portnoff
and Calais [20].
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Fig. 4. Zoomed area of the Th–Pu phase diagram showing Pu-rich region.
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phase indicating lower values compared to the previously de-
scribed Th–U system. The enthalpy of mixing at inﬁnite dilution
has been derived as well, yielding 12.5 kJ mol1 for Pu in liquid
Th and 24.5 kJ mol1 for Th in liquid Pu. As in case of the Th–U sys-
tem, the obtained values are higher than the ones estimated by
Niessen et al. [15] who found close to ideal behaviour with
1 kJ mol1 on both sides, indicating regular solution model. We
have tried to model the Th–Pu phase diagram with such very low
enthalpies of mixing, but such a phase diagram would lead to a
lower eutectic than the one found experimentally.U
Pu
B
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Q
E
E
913
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00
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00
13
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900
1000
1100
1200
1300
Fig. 5. The liquidus projection of the assessed Th–U–Pu phase diagram. The numbers ind
– (-Pu,c-U,Th); B – (a-Th,U,Pu); C – 2nd liquid (miscibility gap) D – (b-Th,U,Pu); E – T3.3. Th–U–Pu phase diagram
The calculation of the Th–U–Pu ternary phase diagram has been
based on the data of the three sub-binary systems using the sym-
metric Muggianu mathematical formalism for the extrapolation of
ternary solid and liquid solutions. Very limited experimental data
are known for the ternary ﬁeld of the Th–U–Pu system. As summa-
rized in the work of Ivanchenko and Pryadko [22], Rice [23] studied
the phase relations in the Th–U–Pu system by X-ray diffraction,
metallography and microprobe analysis at 973 K and 1173 K and
later Blumenthal [24] performed studies on the same system and
temperatures using room- and high- temperature X-ray diffraction
and differential thermal analysis. Based on the obtained results he
proposed isothermal sections of the Th–U–Pu system at 973 K andTh
C
D
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00
icate the temperatures (K) of the liquidus isotherms. Primary crystallization ﬁelds: A
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Fig. 6. Solubility limits of selected ternary solid solutions.
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[22]. The same phase ﬁelds as given by Ivanchenko and Pryadko
[22] are indicated by our calculation, as shown in Figs. 7 and 8,
and therefore no ternary excess Gibbs parameters were introduced
in the assessment of the Th–U–Pu system. Furthermore, we have
calculated the solidus temperature corresponding to the Th-based
alloy with 20 at.% of U and 10 at.% of Pu and found 1164 K. This va-
lue is very close to the experimentally determined value by Rice
[23] who claim the solidus to be higher than 1173 K. There is no
indication for any ternary intermediate compound in the literature
and this has been respected in the current study.
The liquidus projection of the assessed Th–U–Pu system is
shown in Fig. 5 indicating two ternary invariant equilibria in the
Pu-rich region. The corresponding compositions and temperatures
are given in Table 4 with the lowest melting temperature found atTh
Pu
Liquid
α − Th
(γ − U
β − Th
Fig. 7. The Th–U–Pu phase diathe ternary eutectic at T = 855 K. The Th–U–Pu phase diagram is
characterized by four primary crystallization phase ﬁelds,
described in the caption of Fig. 5. As indicated by the ﬁgure, one
of the primary crystallization phase is the b-Th phase and that
conﬁrms the prediction made by Ivanchenko and Pryadko [22].
The miscibility gap in the liquid region that has been found in
the Th–U binary system (see Fig. 1) extends into the ternary ﬁeld
reaching its maximum at 14.5 mol% of Pu.
In the sub-solidus range, in total ﬁve solid solutions appear in
the ternary ﬁeld. These phases are indicated in Table 2, and while
the d0-Pu based solid solution has very limited solubility into ter-
nary ﬁeld, the other three extend somewhat larger with calculated
solubility limits highlighted in Fig. 6. Note that the calculated line
corresponds to the maximal solubility limit which is temperature
dependent.U
, ε - Pu)
β − U
gram calculated at 973 K.
O. Beneš et al. / Journal of Nuclear Materials 449 (2014) 15–22 21As mentioned throughout the text the calculated Th–Pu binary
phase diagram assessed by Wang et al. [3] has not been shown in
their study, but the authors show one isothermal plot of the Th–U–
Pu system at 1273 K. For comparison the same isothermal phase
diagram has been calculated in this study and is shown in Fig. 9.
Comparing the two ﬁgures indicates general agreement on theTh
Pu
Liquid
α − Th
β − Th
Fig. 8. The Th–U–Pu phase diag
U
Pu
Liquid
γ - U
Fig. 9. The Th–U–Pu phase diagshape of the calculated equilibria, however some discrepancies
are evident. They are mainly caused by the different stability
ranges of the b-Th solid solution which is much larger (over
20 mol% range at Th–Pu binary line) in case of the study presented
by Wang et al. [3]. However, such a stability range would be only
possible if one would consider much a larger solubility range ofU
(γ − U, ε - Pu)
β − U
ram calculated at 1173 K.
Th
β − Th α − Th
ram calculated at 1273 K.
22 O. Beneš et al. / Journal of Nuclear Materials 449 (2014) 15–22the b-Th solid solution in the Th–Pu binary system which is not the
case of the recommended phase diagram proposed by Peterson
[21].
4. Conclusions
A full assessment of the Th–U–Pu ternary phase diagram has
been made in this study. The thermodynamic model used to
describe various ternary solution phases is compatible with the
solution models that are used in the thermodynamic nuclear fuel
database (FUELBASE) and thus this study signiﬁcantly contributes
to its extension by Th.
Based on the obtained data the liquidus projection of the Th–U–
Pu system has been calculated revealing the lowest melting tem-
perature of the system at T = 855 K and Th–U–Pu (4.9–8.2–86.9)
composition. This point needs to be conﬁrmed by experiments.
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